CITED1, a CBP/p300-binding nuclear protein that does not bind directly to DNA, is a transcriptional coregulator. Here, we show evidence that CITED1 functions as a selective coactivator for estrogen-dependent transcription. When transfected, CITED1 enhanced transcriptional activation by the ligand-binding/AF2 domain of both estrogen receptor-␣ (ER␣) and ER␤ in an estrogen-dependent manner, but it affected transcriptional activities of other nuclear receptors only marginally. CITED1 bound directly to ER␣ in an estrogen-dependent manner through its transactivating domain, and this binding activity was separable from its p300-binding activity. CITED1 was strongly expressed in nulliparous mouse mammary epithelial cells and, when expressed in ER-positive MCF-7 breast cancer cells by transduction, exogenous CITED1 enhanced sensitivity of MCF-7 cells to estrogen, stabilizing the estrogen-dependent interaction between p300 and ER␣. The estrogen-induced expression of the transforming growth factor-␣ (TGF-␣) mRNA transcript was enhanced in the CITED1-expressing MCF-7 cells, whereas estrogen-induced expression of the mRNA transcripts for progesterone receptor or pS2 was not affected. Chromatin immunoprecipitation assay revealed that endogenous CITED1 is recruited to the chromosomal TGF-␣ promoter in MCF-7 cells in an estrogen-dependent manner but not to the pS2 promoter. These results suggest that CITED1 may play roles in regulation of estrogen sensitivity in a gene-specific manner.
The CITED family (CBP/p300-interacting transactivators with glutamic acid [E]/aspartic acid [D]-rich C-terminal domain) consists of four nuclear proteins-CITED1 (formerly MSG1; Shioda et al. 1996; Dunwoodie et al. 1998) , CITED2 (formerly MRG1 or p35srj; Shioda et al. 1997a; Sun et al. 1998; Bhattacharya et al. 1999; Schlange et al. 2000) , CITED3 (Andrews et al. 2000) , and CITED4 (formerly MRG2; Yahata et al. 2000) -that share a strictly conserved C-terminal transcriptional activating domain (designated as the CR2 domain) that binds to the CBP/p300 transcriptional integrators (Bhattacharya et al. 1999; Yahata et al. 2000) . When tethered to heterologous DNA-binding domains, all CITED proteins strongly activate transcription in a manner dependent on the CR2 domain and CBP/p300 Yahata et al. 2000 ; T. Yahata, K.R. Coser, and T. Shioda, unpubl.) . However, the fact that no CITED protein has any significant DNA-binding motifs or detectable affinity to DNA leads to the hypothesis that the CITED proteins may interact with DNA-binding proteins and function as transcriptional coactivators. Supporting this hypothesis, CITED1 enhances transcription mediated by the SMAD transcription factors in a manner dependent on CBP/p300 . CITED2 binds to the LIM domain of the Lhx2 transcription factor and enhances Lhx2-dependent transcription of the LH/ FSH glycoprotein ␣-subunit gene (Glenn and Maurer 1999) . On the other hand, Bhattacharya et al. (1999) showed that binding of CITED2 to CBP/p300 competes with interaction between the HIF-1 transcription factor and CBP/p300, resulting in suppression of HIF-1-dependent transcription. Because expression of the CITED proteins shows remarkable tissue specificity and cytokine dependency, it has been suggested that the CITED proteins may play roles in tissue-specific and/or cytokinedependent regulation of CBP/p300-dependent gene expression Fenner et al. 1998; Sun et al. 1998; Bhattacharya et al. 1999; Andrews et al. 2000) .
Based on this hypothesis that the CITED proteins may function as coactivators of CBP/p300-dependent transcription factors, we examined possible effects of the CITED proteins on ligand-induced transcriptional activation mediated by nuclear receptors (NRs). The NR superfamily of transcription factors regulates transcriptional activation and suppression in a manner dependent on binding to specific ligands such as steroid hormones. A conserved amphipathic ␣-helical structure within their ligand-binding domain (LBD), referred to as activation function 2 (AF2), is required for their ligand-dependent transcriptional activation, whereas another region, activation function 1 (AF1), is responsible for their ligand-independent transactivating activity. NRs require increasing numbers of coactivator proteins for their transcriptional activating activities (Freedman 1999; Glass and Rosenfeld 2000) . Such coactivators, which usually function as multiprotein complexes, include histone acetyltransferases (the p160 family coactivators SRC-1/ NcoA-1, TIF2/GRIP1/NcoA-2, and pCIP/ACTR/AIB1/ RAC3/NCoA-3, the p300 and CBP transcriptional integrators, and the CBP/p300-associated factor pCAF), ATPdependent chromatin remodeling complexes (SWI/SNF/ BRG complexes), and mediator-like protein complexes (DRIP/TRAP/ARC/PBP complexes). The functional importance of CBP/p300 in NR-mediated transcriptional activation has been shown in vivo (Chakravarti et al. 1996) and in vitro (Kraus and Kadonaga 1998) . The histone acetyltransferases and the ATP-dependent chromatin remodeling complexes may relieve chromatin-mediated transcriptional repression, whereas the mediatorlike complexes may recruit general transcription factors and RNA polymerase II holoenzyme to promoters. Dynamic and cyclic recruitment of estrogen-bound estrogen receptor-␣ (ER␣) and these coactivators to ER target promoters has been demonstrated recently, supporting a model that these coactivator complexes act in a combinatorial manner rather than independently (Shang et al. 2000) . There are a number of additional proteins that have been proposed as NR coactivators based on simple criteria of ligand-dependent binding to NRs and/or ability to synergize NR-mediated transactivation evaluated by transfection-based assays: They include HMG factors, MEF2, cyclin D, ARA5Y, SNURF, NcoA-62, PC2, and PC4 (see Glass and Rosenfeld 2000 and references therein) . Several coactivators have relative preferences for a subset of NRs, that is, ARA70 selectively enhances transcription mediated by androgen receptor (Yeh et al. 1999) , and NRIF3 interacts selectively with thyroid hormone receptor and retinoid X receptor (Li et al. 1999) . However, most of the ligand-dependent coactivators do not show strong selectivity in target NRs.
In the present study we provide evidence that CITED1 functions as a selective ER coactivator, proposing its possible roles in cell-and gene-specific regulation of estrogen-dependent transcription.
Results

The CITED proteins selectively enhance agonist-dependent transactivation mediated by the LBD/AF2 domain of ERs
To determine whether the CITED proteins affect transcriptional functions of NRs, we evaluated effects of the CITED proteins on transcription activated by the AF1 or LBD/AF2 domains of NRs. Thus, AF1 or LBD/AF2 domains from selected NRs were fused to the GAL4 DNAbinding domain (GAL4DBD), and their transactivating activities were evaluated by transfection-based reporter assays in the presence or absence of cotransfection of CITED proteins (Fig. 1A,B) . The CITED proteins showed no effect on ligand-independent transactivation mediated by AF1 of ER␣, androgen receptor, or retinoic acid receptor ␣. They had only a marginal effect on liganddependent transactivation mediated by the LBD/AF2 domains of androgen receptor, retinoic acid receptor-␣, retinoid X receptor, mineralocorticoid receptor, or vitamin D3 receptor. Strikingly, however, all of the CITED proteins significantly enhanced estrogen-dependent transactivation mediated by the LBD/AF2 domain of both ER␣ and ER␤ without affecting the basal transcription observed in the absence of estrogen. The relatively weaker ER-coactivating activities of CITED2 and CITED3 compared to CITED1 or CITED4 were likely owing to their extremely short protein half-lives in mammalian cells, resulting in poor protein expression in these experiments (Bhattacharya et al. 1999; K.R. Coser and T. Shioda, unpubl.) . This speculation was supported by an observation that the ER-coactivating effect of CITED1 was dependent on dose of CITED1 expression (Fig. 1C) . These results suggest that the coactivating activity of the CITED proteins is relatively selective to the LBD/AF2 domain of ERs. Because CITED1 is stable in mammalian cells and has strong ER-coactivating activity and this molecule has been studied most extensively among the CITED family of proteins, we have chosen CITED1 for further characterization.
Recent studies have revealed that binding of estrogen agonists to the LBD of ERs induces major conformational changes that stabilize interactions between ERs and LBD-binding coactivators. Estrogen antagonists, such as tamoxifen and raloxifene (partial agonists) or ICI164384 (pure antagonist), also bind to LBD of ERs but induce aberrant conformational changes that preclude coactivator binding (Freedman 1999; Glass and Rosenfeld 2000) . As shown in Figure 1D , those estrogen antagonists failed to induce LBD/AF2-mediated transactivation in the presence or absence of CITED1, whereas transcription induced by the natural estrogen agonist (17␤-estradiol) was remarkably enhanced by CITED1. These results suggest that the functional interaction of CITED1 with ER␣-LBD/AF2 requires the correct, activeform conformation of liganded ER.
To obtain insights as to whether the mechanism of the CITED1 activity to enhance transcriptional activation mediated by ER␣-LBD/AF2 involves CBP/p300, we determined effects of p300 on this transactivation by transfection-based assays (Fig. 1E ). In the absence of CITED1, the effect of p300 transfection on this transactivation was minimal. When a limited amount of CITED1 alone was transfected, the transactivation was enhanced ∼four-fold and, as expected, additional transfection of p300 further augmented it ∼1.8-fold. These results showed a synergistic effect of p300 on the ER␣-LBD/AF2 coactivation by CITED1, suggesting an involvement of p300 (and probably CBP as well) in the mechanism of ER coactivation by CITED1.
CITED1 enhances estrogen-dependent transactivation mediated by endogenous ERs in a manner dependent on core promoters located downstream of estrogen response elements
We next attempted to determine whether CITED1 enhances estrogen-dependent transcription mediated by endogenous (hence, full-length) ERs. Thus, MCF-7 cells (ER-positive) or COS-1 cells (ER-negative) were transfected with ER-dependent luciferase reporter plasmids and varying amounts of CITED1. A very small amount of endogenous CITED1 was detectable in MCF-7 cells when analyzed by Western blotting (see Fig. 7A , below), but not in COS-1 cells (data not shown). Cells were then incubated in the presence or absence of estrogen, followed by luciferase assay ( Fig. 2A) . To evaluate possible promoter dependency of the ER-coactivating activity of CITED1, in this experiment we used three ER-dependent luciferase reporter plasmids with different core promoters, namely, pEREG-Luc harboring one copy of estrogen response element (ERE) followed by the ␤-globin promoter (ERE-globin promoter; Eckner et al. 1994) ; pEREtk harboring one copy of ERE followed by the herpes simplex virus thymidine kinase promoter (ERE-tk promoter), and p3XERE-E1BTATA harboring three copies of ERE followed by the adenovirus E1B TATA box (ERE-E1B promoter; Kalkhoven et al. 1998) . In MCF-7 cells, cotransfection of CITED1 enhanced estrogen-dependent transcription from the ERE-tk and ERE-E1B promoters in a manner dependent on the dose of CITED1. In contrast, in COS-1 cells, there was no effect of CITED1 cotransfection on estrogen-dependent transcription from any of these promoters, although comparable amounts of transfected CITED1 protein were expressed in these two cell lines (Fig. 2B) . Interestingly, estrogen-induced transcription from the ERE-globin promoter was not at all affected by CITED1 cotransfection either in MCF-7 cells or in COS-1 cells. These results showed that CITED1 is capable of enhancing estrogen-dependent transactivation mediated by endogenous ERs. They also implied possible promoter dependency of the ER-coactivating activity of CITED1.
The N-terminal region of the conserved CR2 domain of CITED1 is required for functional interaction with ERs but not with CBP/p300
We next attempted to determine amino acid sequences of CITED1 that are required for the functional interaction with ERs. Unexpectedly, no CITED proteins possess the LXXLL signature motif that is necessary and sufficient for binding of many ligand-dependent coactivators to NRs (Glass and Rosenfeld 2000) . Because all members of the CITED family showed ER-coactivating activity (Fig. 1B) , we assumed that ERs would interact with amino acid sequences that are conserved among, and unique to, the CITED proteins, prompting us to speculate that ERs may interact with the CR2 domain (Bhattacharya et al. 1999; Yahata et al. 2000) . To test this, we determined whether a deletion of the CR2 domain from CITED1 results in loss of its ER-coactivating activity. As expected, such a mutation (⌬CR2) completely suppressed ER-coactivating activity of CITED1 (Fig. 3C ) without affecting expression of CITED1 protein (Fig. 3B) . To determine ER-interacting regions of CITED1 more precisely, we introduced systematic alanine-scan mutations in the CR2 domain and evaluated their effects on the ER-coactivating activity. Such mutations in the Nterminal region of the CR2 domain did not affect the amount of CITED1 protein expression (Fig. 3A,B) . However, mutations in the C-terminal region of the CR2 domain were frequently associated with a marked reduction in the amount of CITED1 protein expression, making it difficult to obtain systematic evaluations in this region (K.R. Coser and T. Shioda, unpubl.) . Interestingly, only one of the mutations (mut2) in the N-terminal region of the CR2 domain completely suppressed the ERcoactivating activity, whereas others affected this activity only marginally (Fig. 3C) . These results indicate a critical role of the N-terminal region of the CR2 domain in the functional interaction between CITED1 and ERs, although our experiments did not preclude possible additional contributions by other regions of CITED1 to this Figure 1 . The CITED proteins enhance estrogen-dependent transcription mediated by the LBD/AF2 domain of ERs. (A) Schematic representation of the assay. NIH3T3 cells were transfected with the GAL4DBD fusion of the AF1 or AF2 domain of nuclear receptors (NR-AF1/AF2), the CITED proteins, p300 (for panel E only), together with luciferase reporter plasmid pGLUC8 harboring eight repeats of the GAL4-binding element (GAL4BE) followed by the E1B TATA box. Cells were cultured in hormone-free medium for 24 h after transfection, followed by culture in the presence or absence of ligands for an additional 24 h before luciferase assay. (B) The CITED proteins selectively enhance estrogen-dependent transcription. Cells were incubated in the presence (filled bars) or absence (open bars) of cognate ligands: 100 nM 17␤-estradiol for ER␣ and ER␤; 10 nM dihydroxyandrostendione for androgen receptor (AR); 100 nM all-trans-retinoic acid for retinoic acid receptor ␣ (RAR␣); 100 nM 9-cis-retinoic acid for retinoid X receptor ␣ (RXR␣); 100 nM d-aldosterone for mineralocorticoid receptor (MR); and 10 nM 1,25-dihydroxy vitamin D3 for vitamin D receptor (VDR). (C) CITED1 enhances estrogen-dependent transcription by the LBD/AF2 domain of ER␣ in a dose-dependent manner. Cells were cotransfected with pGLUC8, GAL4DBD-ER␣-AF2, and varying amounts of CITED1, then stimulated with 100 nM 17␤-estradiol. (D) CITED1 enhances ER␣-mediated transcription only in the presence of agonist. Cells were cotransfected with pGLUC8, GAL4DBD-ER␣-AF2, CITED1 (filled bars) or a control vector (open bars), then stimulated with ligands (100 nM 17␤-estradiol, 100 nM ICI164384, 100 nM tamoxifen, or 100 nM raloxifene). (E) p300 synergistically augments the enhancement of ER␣/AF2-mediated transcription by CITED1. Cells were cotransfected with pGLUC8, GAL4DBD-ER␣-AF2, with or without CITED1 or p300, then stimulated with 100 nM 17␤-estradiol (E2).
interaction. It should be noted that the amino acid sequence around the critical mut2 mutation is not a canonical LXXLL motif (Fig. 3A) .
Because the CITED proteins bind directly to CBP/p300 through the CR2 domain (Bhattacharya et al. 1999; Yahata et al. 2000) , we considered a possibility that the observed functional interaction between CITED1 and ERs might be indirect, involving CBP/p300 as an intermediate protein. Therefore, we attempted to determine whether the mutation that suppressed the CITED1-ER interaction concomitantly suppresses the CITED1-p300 interaction. To this end, the CITED1 mutants were tethered directly to the GAL4DBD, and their transcriptional activating activities, which were shown to be totally dependent on interaction with CBP/p300 (Yahata et al. 1996) , were evaluated (Fig. 3D ). As expected, the ⌬CR2 mutation completely suppressed the CBP/p300-dependent transactivation by GAL4DBD-CITED1. However, the mut2 mutation, as well as other alanine-scan mutations tested, did not at all affect this transactivation. These results indicated that the functional CITED1-ER and CITED1-CBP/p300 interactions are separable, suggesting that ER␣ and CBP/p300 interact with discrete regions within the CR2 domain.
CITED1 binds to the LBD/AF2 domain of ER␣ in vivo and in vitro in an estrogen-dependent manner
We attempted to determine whether CITED1 physically interacts with ER␣ by transfection-based immunoprecipitation analyses. Thus, COS-1 cells were transfected with HA epitope-tagged CITED1 and FLAG-tagged transactivating domains of ER␣ (AF1 and LBD/AF2) and cultured in the presence or absence of estrogen. The ER␣ transactivating domains were immunoprecipitated from cell lysates by an anti-FLAG antibody, and coprecipitated CITED1 was detected by anti-HA Western blotting (Fig. 4A) . Strikingly, when expressed in COS-1 cells, CITED1 coprecipitated with the LBD/AF2 domain in a manner strictly dependent on the presence of estrogen in the culture. No CITED1 coprecipitation was observed with the AF1 domain in the presence or absence of estrogen. These results indicate that CITED1 physically and specifically interacts with the estrogen-bound LBD/ AF2 domain of ER␣ in vivo.
By a similar approach, we attempted to determine whether CITED1 binds to endogenous (hence, fulllength) ER␣ in vivo. Thus, ER␣-positive MCF-7 cells were transfected with HA-tagged CITED1 and cultured in the presence or absence of estrogen. CITED1 was immunoprecipitated from the cell lysate by an anti-HA antibody, and coprecipitated endogenous ER␣ was detected by Western blotting using an anti-ER␣ antibody (Fig. 4B) . As expected, endogenous ER␣ coprecipitated with CITED1 when cells were stimulated by estrogen. Based on these results, we concluded that CITED1 forms protein complexes with ER␣ in vivo.
We next determined whether CITED1 binds directly to estrogen-bound ER␣ in vitro by the glutathione S-transferase (GST) pull-down assay. We prepared purified protein reagents of polyhistidine epitope-tagged CITED1 (His-CITED1) and GST-tagged AF1 or LBD/AF2 domains of ER␣. We did not detect contamination of CBP or p300 in these protein reagents by Western blotting (data not shown). As shown in Figure 5A , CITED1 bound to the GST-fusion LBD/AF2 domain in vitro in a manner strictly dependent on the presence of estrogen in the binding reaction. There was no interaction of CITED1 with GST-fusion AF1 domain or nonfused GST in the presence or absence of estrogen. These results indicate that CITED1 physically and directly binds to the LBD/ AF2 domain of ER␣ in an estrogen-dependent manner.
The functional interaction of CITED1 with the LBD/ AF2 domain of ER␣ required the N-terminal region of the CR2 domain (see Fig. 3 ). To characterize the molecular basis of this requirement, we determined whether or not the mut2 mutation of CITED1, which abolished this functional interaction, binds to the LBD/AF2 domain of ER␣ in vitro. Strikingly, the mut2 mutant CITED1 did not at all bind to the LBD/AF2 domain with or without estrogen (Fig. 5B) . These results indicate that the lack of the transcriptional enhancing activity of the mut2 mutant is caused by its inability to bind to ER, confirming the critical importance of the N-terminal region of the CR2 domain of CITED1 in the CITED1-ER␣ interaction.
CITED1 protein is expressed in nulliparous mouse mammary gland epithelial cells but rapidly disappears with pregnancy
To obtain insights into the possible biological significance of the ER-coactivating activity of CITED1, we examined by immunohistochemistry whether CITED1 protein is expressed in the major ER-target organs of mice. Although we did not detect significant amounts of CITED1 in uterus or ovary (data not shown), strong expression of CITED1 was observed in nulliparous mouse mammary epithelial cells (Fig. 6A) . Practically all mammary epithelial cells were positive, and most of them showed nuclear localization of CITED1, with a minor population of cells showing cytosolic staining as well, agreeing with a staining pattern previously reported for human melanoma tissue . Those mammary epithelial cells also strongly expressed ER␣ (Fig.  6B) . Interestingly, however, CITED1-positive cells disappeared rapidly when mice became pregnant; only a minor part of mammary epithelial cells expressed CITED1 in pregnant mice at 11.5 days postcoitum (dpc) (Fig. 6C) , and no CITED1 expression was detected in lactating mammary gland (Fig. 6D) . On the other hand, a strong expression of CITED4 was observed in lactating mammary epithelial cells (Fig. 6D, insert) . The strong expression of CITED1 protein in nulliparous mouse mammary epithelial cells and its rapid disappearance upon pregnancy were also confirmed by anti-CITED1 Western blotting (data not shown). These results imply possible biological roles of CITED1 in nulliparous mammary epithelial cells.
CITED1 stabilizes the estrogen-dependent interaction of ER␣ and p300 in MCF-7 breast cancer cells and enhances cellular sensitivity to estrogen
Plasma estrogen levels are far lower in nulliparous mice than in pregnant mice. Because expression of CITED1 protein is stronger in nulliparous mice but rapidly lost with pregnancy, we hypothesized that CITED1 may play roles in regulation of cellular sensitivity to estrogen. Therefore, we compared the estrogen sensitivity of ER␣- for the ER␣-enhancing activity of CITED1. Cells were cotransfected with pGLUC8, GAL4DBD-ER␣-AF2, and the CITED1 mutants, followed by stimulation with 100 nM 17␤-estradiol (E2) for 24 h before luciferase assay. (D) The mut2 CITED1 mutant that lost the ER␣-enhancing activity retains the p300-dependent transactivating activity. Cells were cotransfected with pGLUC8 and GAL4DBD-fusion CITED1 mutants, followed by luciferase assay.
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positive MCF-7 human breast cancer cells expressing or not expressing exogenous CITED1. As shown in Figure  7A , a moderate amount of CITED1 was expressed stably in MCF-7 cells infected by CITED1-expressing retrovirus, but cells infected with control virus expressed a very small amount of endogenous CITED1.
Using these retrovirus-infected MCF-7 cells, we attempted to determine whether the estrogen-induced interaction of ER␣ with p300, a critical step of estrogeninduced transcription (Shang et al. 2000) , is modulated by the presence of CITED1. Amounts of endogenous ER␣ and p300 proteins were not affected by the presence of CITED1 (Fig. 7B, bottom) . When cells were starved for estrogen, no ER␣-p300 interaction was detected by immunoprecipitation with or without CITED1. Remarkably, however, when cells were stimulated with 100 nM 17␤-estradiol, three to five times more p300 was coprecipitated with ER␣ from lysates of CITED1-expressing MCF-7 cells than lysates of control cells (Fig. 7B, top) . These results strongly suggest that the estrogen-induced interaction of ER␣ with p300 is stabilized when CITED1 is expressed in cells.
To examine whether CITED1 enhances cellular responses to estrogen, we determined whether expression of CITED1 in MCF-7 cells affects their estrogen-dependent growth. As shown in Figure 7C , CITED1-expressing MCF-7 cells grew significantly better than the control cells, especially when estrogen concentration in the culture medium was low. However, when cultured in the complete absence of estrogen, both CITED1-expressing and control cells grew only marginally, indicating that the growth-facilitating activity of CITED1 is dependent on the presence of estrogen. Therefore, CITED1 enhances estrogen-dependent growth of MCF-7 cells.
We next determined whether CITED1 affects estrogen-induced aggregation of MCF-7 cells (Olea et al. 1992 ). In the complete absence of estrogen, neither CITED1-expressing nor control cells showed significant Figure 5 . Direct binding of CITED1 to the LBD/AF2 domain of ER␣ in vitro: GST pull-down assay. (A) Estrogen-dependent binding of CITED1 to ER␣. Equal amounts of GST or GSTfusion proteins of ER␣ domains (AF1 or LBD/AF2) were immobilized on glutathione-conjugated Sepharose beads and incubated with polyhistidine epitope-tagged CITED1 (His-CITED1) in the presence or absence of 100 nM 17␤-estradiol. After extensive washing of the beads, coprecipitated CITED1 was detected by anti-His Western blotting. (B) Loss of ER␣-binding activity of a function-dead CITED1 mutant. Equal amounts of GST-fusion LBD/AF2 of ER␣ were immobilized on beads and incubated with His-CITED1 or His-CITED1(mut2), a CITED1 mutant that does not enhance ER␣-mediated transactivation (see Fig. 3 ), in the presence or absence of 100 nM 17␤-estradiol. After washing of the beads, coprecipitated CITED1 was detected by anti-His Western blotting. with HA-tagged CITED1 and cultured for 24 h in the absence of hormones. Cells were then stimulated with 100 nM 17␤-estradiol (E2) or vehicle (ethanol) for 1 h, followed by anti-FLAG immunoprecipitation. Coprecipitated HA-CITED1 was detected by anti-HA Western blotting (top). Expression of the transfected proteins was evaluated by anti-FLAG (for AF1 or AF2 domains) or anti-HA (for CITED1) Western blotting (bottom). (B) Transfected CITED1 interacts with endogenous ER␣ in an estrogen-dependent manner. MCF-7 cells were transfected with HA-tagged CITED1 and cultured for 24 h in the absence of hormones. Cells were then stimulated with 100 nM 17␤-estradiol (E2) or vehicle (ethanol) for 1 h, followed by anti-HA immunoprecipitation. Coprecipitated ER␣ was detected by Western blotting using an anti-ER␣ antibody (top). Expression of proteins was evaluated by anti-HA (for transfected CITED1) or anti-ER␣ (for endogenous ER␣) Western blotting (bottom). aggregation (Fig. 7D, top) . However, when a very low concentration (1 pM) of 17␤-estradiol was added to the culture medium, CITED1-expressing cells showed marked aggregation, and control cells showed minimal morphological changes (Fig. 7D, middle) . At a higher estrogen concentration (10 nM), both CITED1-expressing MCF-7 cells and control cells showed comparable amounts of aggregation (Fig. 7D, bottom) . These results further showed that CITED1 enhances cellular sensitivity to estrogen.
CITED1 enhances estrogen-induced expression of the transforming growth factor-␣ mRNA transcript in MCF-7 cells
To further characterize effects of CITED1 expression in MCF-7 cells, we next attempted to determine whether expression of known estrogen target genes in this cell line is affected by CITED1. Thus, we compared amounts of the mRNA transcripts of selected estrogen-inducible genes between the CITED1-expressing and control MCF-7 cells after stimulation with estrogen using the semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) technique as described previously (Shioda et al. 1997b ). The estrogen-inducible genes analyzed included ␣-1 antichymotrypsin; c-Fos; cdc25; Ha-Ras; progesterone receptor (PR); PS2; transforming growth factor-␣ (TGF-␣); BRCA1; cathepsin D; E2F1; HMG1; insulin receptor substrate-1; insulin receptor binding protein-4; c-Myc; and WISP-2. Interestingly, among these 15 genes tested, we could detect effects of CITED1 expression with only two genes-namely, estrogen-induced expression of the TGF-␣ mRNA transcript was significantly enhanced without changes in its basal expression level observed in the absence of estrogen, whereas both basal and estrogen-induced expression of the c-Myc mRNA transcript was significantly reduced (Fig. 8A,B) . In our hands, we did not observe significant effects of CITED1 on basal or estrogen-induced expression of other estrogen-target genes (PR and pS2 data are shown in Fig. 8A,B ; other data not shown). The enhancement of estrogen-induced expression of the TGF-␣ mRNA transcript by CITED1 was further confirmed by Northern blot hybridization (Fig. 8C,D) . These results imply that CITED1 may coactivate endogenous ER-target genes in a gene-specific manner.
CITED1 is recruited to the TGF-␣ promoter in an estrogen-dependent manner but not to the pS2 promoter
To obtain insights into the molecular basis of the apparently gene-specific action of CITED1 on estrogen-target genes, and to determine whether CITED1 acts directly on the promoters of the endogenous ER target genes, we employed the chromatin immunoprecipitation (ChIP) assay and examined in vivo recruitment of CITED1 to the pS2 and the TGF-␣ promoters in MCF-7 cells.
As shown in Figure 9 , ER␣ was recruited to both the pS2 and the TGF-␣ promoters in an estrogen-dependent manner. Judging from the quantitative aspects of increase in amounts of the PCR product after estrogen treatment (Fig. 9B, left) , the estrogen-induced interaction of ER␣ with the TGF-␣ promoter appeared significantly weaker than the interaction of ER␣ with the pS2 promoter. This result was consistent with the fact that the TGF-␣ mRNA transcript was induced less strongly than the pS2 mRNA transcript by estrogen in this cell line (Fig. 8A,B) . Although we do not know exactly why ER␣ interacted with the TGF-␣ promoter less strongly than with the pS2 promoter, this observation may reflect the difference in the structures of the estrogen responsive elements (EREs) of these promoters (see Discussion for more detail).
In contrast, although the estrogen-dependent recruitment of CITED1 to the TGF-␣ promoter was clearly shown by this assay, we did not detect any estrogendependent interaction of CITED1 with the pS2 promoter (Fig. 9A,B, right) . These results strongly suggest that CITED1 is recruited directly to a specific subset of the estrogen-inducible genes in a gene-specific manner and is involved in estrogen-dependent transcriptional coactivation. It should be noted that the binding of CITED1 to the TGF-␣ promoter was observed not only in MCF-7 cells infected by the CITED1-expressing retrovirus but also in the cells infected by the control virus, indicating that the endogenous CITED1, which was expressed in MCF-7 cells only weakly (Fig. 7A) , was effectively recruited to the endogenous TGF-␣ promoter. 
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Discussion
CITED1 is a selective, agonist-dependent ER coactivator
In the present study we have provided biochemical and cell biological evidence that CITED1, and probably other members of the CITED family also, functions as an ER coactivator.
CITED1 (and other CITED proteins) enhanced estrogen-dependent transcription from synthetic promoters when analyzed by transfection-based assays (Figs. 1, 2) . This coactivation was relatively selective to ER-mediated transcription, with far weaker effects on other NRs tested, and, importantly, all CITED proteins coactivated both ER␣ and ER␤ with comparable efficiencies (Fig. 1B) . The ER coactivation by CITED1 was strictly dependent on the presence of ER agonist; ER-binding estrogen antagonist or partial agonists failed to support this activity (Fig. 1B-D) . CITED1 was capable of coactivating endogenous ERs in a manner dependent on the core promoters located downstream of the EREs (Fig. 2) . The 3.0-fold enhancement of EREtk-driven, estrogen-dependent transcription by CITED1 in MCF-7 cells was comparable to the strength of the reported coactivating activities of p300 (∼fourfold; Chen et al. 1999 ) and AIB1 (∼twofold; Anzick et al. 1997; Planas-Silva et al. 2001 ) for this promoter. Therefore, when evaluated by synthetic model promoters for ER-mediated transcription, CITED1 acted as an ER coactivator with moderate strength of the coactivating activity.
Biochemical analyses showed that CITED1 bound directly to the LBD/AF2 domain of ER␣ in vitro and in vivo in an estrogen-dependent manner (Figs. 4, 5) . A CITED1 mutation substituting amino acids 157-158 (VL) with alanines resulted in a concomitant loss of both ER-coactivating activity (Fig. 3 ) and binding to ER␣ in vitro (Fig.  5B) , suggesting that the ER coactivation by CITED1 re- quires its estrogen-dependent binding to ERs. Because ERs change their conformation in a ligand-dependent manner and recruit coactivators only when appropriate conformations are induced by estrogen agonists (Glass and Rosenfeld 2000) , our data strongly suggest that CITED1 recognizes the precise "active form" conformations of ERs. This recognition is apparently selective to ERs, distinguishing them from other ligand-activated NRs.
CITED1 is coexpressed with ER␣ strongly in the nucleus of mammary epithelial cells of nulliparous female mice (Fig. 6) . CITED1 was originally isolated based on its relatively strong expression in normal melanocytes, which are also direct targets of estrogen (Ranson et al. 1988; Maeda et al. 1996; Kippenberger et al. 1998 ). The tissue distribution of CITED1 in adult mice is therefore consistent with its possible biological roles in estrogen signaling. CITED1 enhanced estrogen sensitivity of MCF-7 cells when expressed by retrovirus transduction. CITED1 enhanced estrogen-dependent growth of MCF-7 cells, especially when concentrations of estrogen in culture medium were low (Fig. 7C) , without affecting amounts of ER␣ or p300 expression (Fig. 7B) . MCF-7 cells expressing CITED1 aggregated in the presence of a very low concentration of estrogen, whereas control cells required much higher concentrations of estrogen to initiate aggregation (Fig. 7D) .
In MCF-7 cells, CITED1 enhanced estrogen-induced expression of the TGF-␣ mRNA transcript, but it suppressed basal and estrogen-induced expression of the cMyc mRNA transcript (Fig. 8) . However, in our hands, no significant influences of CITED1 on expression of other estrogen target genes (such as the progesterone receptor or pS2 genes) were detected. These results suggest that, at least within the contexts of experimental conditions described in the present study, the effects of CITED1 appeared gene-specific. The dependency of the ER coactivation by CITED1 on the core promoter located downstream of the EREs in synthetic estrogen-dependent promoters (Fig. 2) may also support the concept that CITED1 functions as a gene-specific ER coactivator. A similar core promoter-dependent coactivation from synthetic estrogen-dependent promoters has been observed with SRC-1 and its isoforms (Kalkhoven et al. 1998 ). On the other hand, the reduction in estrogen-induced expression of the c-Myc mRNA transcript in the presence of exogenous CITED1 (Fig. 8A ) may imply possible transcriptional suppression of the c-MYC promoter by CITED1. However, we cannot deny a possibility that this apparent reduction observed at 6∼12 h after an addition of estrogen could reflects a very quick activation of the c-MYC gene followed by a sustained inactivation. Elucidating possible biological significance and mechanisms of actions of the (core) promoter-dependent ER coregulation by CITED1 awaits future studies.
The observation that endogenous CITED1 was recruited to the endogenous TGF-␣ promoter but not to the pS2 promoter in an estrogen-dependent manner in MCF-7 cells (Fig. 9) suggests that the apparent gene-specific action of CITED1 may be attributed to its promoterspecific recruitment. Interestingly, the estrogen-dependent interaction of ER␣ with the TGF-␣ promoter DNA CITED1 is an ER coactivator appeared weaker than the interaction between ER␣ and the pS2 promoter DNA (Fig. 9A,B, left) . This phenomenon might account for the fact that the TGF-␣ mRNA transcript was induced less strongly than the pS2 mRNA transcript by estrogen in this cell line (Fig. 8A,B) . The pS2 proximal promoter contains a nearly perfect ERE (GGTCAcggTGGCC; bold indicates deviation from the consensus sequence), which differs from the ideal consensus sequence of the ERE found in the vitellogenin A2 promoter (GGTCAnnnTGACC) by only one nucleotide (Berry et al. 1989 ). On the other hand, the TGF-␣ proximal promoter contains a 53-bp sequence that binds to liganded ER␣ in vitro and is functionally sufficient to activate transcription of reporter genes in an estrogendependent manner when evaluated by a transfectionbased assay (El-Ashry et al. 1996) . This 53-bp sequence contains two imperfect but functional EREs, GGATCccaGGTCG and GGTGCgctCAGCG, which deviate significantly from the consensus sequence. Because the binding affinity of EREs to ER␣ decreases along with accumulation of deviations from the consensus sequence (Nardulli et al. 1996) , the binding affinity of EREs found in the TGF-␣ promoter to ER␣ may be significantly lower than that of the nearly perfect ERE found in the pS2 promoter, possibly accounting for the observed weaker interaction of the former EREs with liganded ER␣ compared to the latter (Fig. 9A,B, left) . It is tempting to speculate that the binding of ER␣ to the suboptimal ERE sequences found in the TGF-␣ promoter might affect conformation of the DNA-bound ER␣; it could also affect composition and/or configuration of the transcriptional protein complex formed around the DNA-bound ER␣. Therefore, characterization of the differences in the molecular basis of ER␣-mediated transcriptional activation between the TGF-␣ and pS2 promoters might provide insights into the mechanism of the gene-specific recruitment of CITED1.
CITED1 binds directly to ER␣ in an estrogen-dependent manner but lacks the canonical LXXLL NR-binding signature motif
Nearly all coactivators that have been cloned using their ligand-dependent NR-binding activity contain the LXXLL NR-binding signature motif (Glass and Rosenfeld 2000) . Together with adjacent amino acids, the LXXLL sequence forms a short ␣-helix that docks to a hydrophobic cleft on the surface of the LBD of NRs. Binding of cognate ligands to NRs induces conformational changes in the LBD so that the binding of the LXXLL helix to the LBD is stabilized by the AF2 domain. Surprisingly, however, CITED1 (and other CITED proteins) does not contain the canonical LXXLL motif (Yahata et al. 1996) , despite the fact that it binds directly to the LBD/AF2 domain of ER␣ in an estrogen-dependent manner (Fig. 5A) . Although the N-terminal sequence of the CR2 domain of CITED1 was necessary for this binding (Fig. 5B) , it varies significantly from the LXXLL motif (Fig. 3A) . Therefore, the binding of CITED1 to ER seems to use a unique mechanism. Interestingly, according to computer-aided prediction of the secondary structures around the N-ter- Figure 9 . CITED1 is recruited to the TGF-␣ promoter in an estrogen-dependent manner but not to the pS2 promoter. In vivo binding of ER␣ or CITED1 to either the pS2 promoter or the TGF-␣ promoter was examined by chromatin immunoprecipitation (ChIP) assay. (A) MCF-7 cells infected with vector or CITED1-expressing retroviruses were treated with (+) or without (−) 100 nM 17␤-estradiol (E2) for 45 min and fixed immediately by formaldehyde. Soluble chromatin was prepared from the fixed cells by sonication followed by density-gradient centrifugation and subjected to immunoprecipitation using anti-ER␣ or anti-CITED1 antibodies. Coprecipitated genomic DNA was released from the cross-linked protein by heat and then amplified by polymerase chain reaction (PCR) using primers that annealed to the proximal region of the pS2 or TGF-␣ promoters. Positions of the PCR primers are indicated by pairs of arrows in the diagrams of each promoter; the transcriptional initiation site is defined as nucleotide number 1. The presence of the pS2 and TGF-␣ promoter DNA in the chromatin preparations before immunoprecipitation was confirmed by PCR (Input). (B) Quantitative aspects of recruitment of ER␣ and CITED1 to the pS2 and TGF-␣ promoters. Signal intensities of the PCR products shown in panel A were quantitated by densitometry and expressed as proportion of input.
minal region of the CR2 domain of CITED1, this region is highly likely to form a short ␣-helix, which is a common feature of all the CITED proteins (K.R. Coser and T. Shioda, unpubl.) . This ␣-helix might resemble the LXXLL helix to some extent in terms of the space-filling structures and could bind to the LBD of ERs in a manner similar to the LXXLL-containing coactivators although the LBDs of other NRs do not accept it. The observation that NRIF3 interacts selectively with thyroid hormone receptor and retinoid X receptor through the LXXIL sequence, a variant form of the LXXLL motif (Li et al. 1999) , may support this speculation. Determination of the precise structural basis of the interaction between the ER-binding ␣-helix of the CITED proteins and ERs may provide useful information regarding the variation from the canonical LXXLL motif and selective interaction with a subset of NRs.
Possible biochemical mechanisms of the enhancement of estrogen-dependent transcription by CITED1
CBP/p300 histone acetyltransferases are recruited to ERdependent promoters when cells are stimulated by estrogen (Shang et al. 2000) and play critical roles in activation of ER-mediated transcription (Chakravarti et al. 1996; Kraus and Kadonaga 1998) , forming multiprotein complexes involving ERs, the p160 coactivators, and pCAF (Freedman 1999) . CITED1 binds directly to CBP/ p300 (Yahata et al. 1996) and ER␣ (Figs. 4, 5 ) through distinct regions located within the conserved CR2 domain (Fig. 3) . CITED1 effectively coactivated ER␣-mediated transcription, which was further augmented synergistically by exogenous p300 (Fig. 1E) . The estrogen-dependent physical interaction between ER␣ and p300 seemed stabilized when cells expressed CITED1 (Fig.  7B ). Taken together, these results suggest that CITED1 coactivates ER-mediated transcription through enhancing roles of CBP/p300 in this event. Because the histone acetyltransferase activity of CBP/p300 is critical for its ER-coactivating activity (Kraus and Kadonaga 1998; Chen et al. 1999) , it is an interesting question whether CITED1 affects histone acetylation of chromatin at ERdependent promoters. Previously reported SMAD-coactivating activity of CITED1 observed by transfectionbased assays was also dependent on CBP/p300 Yahata et al. 2000) and, therefore, might involve similar mechanisms.
The facts that CITED1 binds directly to both ER␣ (Fig.  5) and CBP/p300 (Yahata et al. 2000) through discrete regions (Figs. 3, 5) and that the estrogen-dependent binding of ER␣ to p300 seems stabilized in CITED1-expressing MCF-7 cells (Fig. 7B ) may support a speculation that CITED1, ERs, and CBP/p300 could form a ternary protein complex. However, attempts to show such a ternary complex by biochemical analyses have not been successful in our laboratory. This may be owing to technical difficulties in demonstrating formation of stable multiprotein complexes involving NRs and more than one coactivator by biochemical approaches such as sequential immunoprecipitation. In another interpretation, the difficulty in demonstrating stable protein complexes simultaneously involving CBP/p300, ER␣, and CITED1 might be attributed to the dynamic and transient nature of the estrogen-induced interaction between ERs and the coactivators (Chen et al. 1999; Shang et al. 2000) . The observed stabilized interaction between ER␣ and p300 might be a consequence of transient interaction of CITED1 with these proteins and could involve protein modifications, but it may not necessarily require physical and stable contact of CITED1 with them. Further studies are required to elucidate the molecular mechanism of this phenomenon.
Possible biological roles of CITED1 as an estrogen sensitivity enhancer
Because transcriptional activation by ERs is dependent on cell type and ERE-containing promoters (Tora et al. 1989; Berry et al. 1990) , the existence of cell-and/or gene-specific ER coactivators has been speculated. The CITED proteins are expressed in embryos as well as adult vertebrates in cell-and stage-specific manners (Shioda et al. 1996; Dunwoodie et al. 1998; Andrews et al. 2000) , and the ER-coactivating activity of CITED1 is apparently gene-specific (Figs. 2, 8) , leading to the speculation that expression of each member of the CITED proteins might contribute to determination of cell-and gene-specific sensitivity to estrogen.
The observation that CITED1 protein is expressed strongly in nulliparous mouse mammary epithelial cells but is rapidly lost with pregnancy (Fig. 6 ) may imply roles of CITED1 in this tissue. Because the extensive growth of the mammary ductal structure during puberty is estrogen-dependent, CITED1 could contribute to this phenomenon by enhancing the sensitivity of mammary epithelial cells to estrogen when the concentration of circulating estrogen is low. Our observation that the ability of CITED1 to enhance estrogen-dependent growth of MCF-7 breast cancer cells was more apparent when cells were cultured in relatively low concentrations of estrogen than in higher concentrations of estrogen (Fig. 7C ) may support this hypothesis. Increased estrogen sensitivity of CITED1-expressing MCF-7 cells has also been shown by evaluating their estrogen-dependent aggregation (Fig. 7D) . The role of TGF-␣ as an estrogeninduced autocrine growth factor for human breast cancer cells has been shown previously (Bates et al. 1988; Kenney et al. 1993) . Therefore, the enhancement of estrogeninduced expression of TGF-␣ by CITED1 (Fig. 8) may account, at least partly, for the ability of CITED1 to enhance estrogen-dependent growth of MCF-7 cells.
In summary, we have provided evidence that CITED1 functions as a selective ER coactivator. We also proposed possible roles of CITED1, and other CITED proteins as well, as cell-and gene-specific modulators of ER-mediated gene expression.
Materials and methods
Cell culture, transfection, and reporter assay MCF-7 human breast cancer cells and COS-1 cells were purchased from American Type Culture Collection and maintained CITED1 is an ER coactivator as described (Yahata et al. 2000) . For hormone-free culture, phenol red-free Dulbeccos's modified minimum essential medium (DMEM) supplemented with 10% charcoal/dextran-treated fetal calf serum (HyClone) was used. Transfection and luciferase reporter assays were performed as described (Yahata et al. 2000) ; each datum represents the mean of at least three independent experiments.
Retrovirus transduction
Dualotropic LNCX (control) and LNCX-CITED1 (CITED1-expressing) retroviruses were generated by inserting human CITED1 cDNA into the multiple cloning site of the pLNCX vector and transfecting into Retropack PT67 packaging cells (Clontech). To establish CITED1-expressing MCF-7 cells, cells were infected by the LNCX-CITED1 and LNCX viruses, followed by G418 selection. One batch of infection generated more than 100 independent G418-resistant clones, which were pooled before experiments. Reproducibility of experiments using the retrovirus-infected cells was confirmed using at least two independent batches of infected cells.
Plasmids
Mammalian expression plasmids for hemagglutinin (HA) epitope-tagged human CITED1 and CITED2 were described (Yahata et al. 2000) , and plasmids for HA-tagged chick CITED3 (Andrews et al. 2000) and mouse CITED4 (Yahata et al. 2000) were constructed similarly. The plasmid for HA-tagged p300 was a gift from D.M. Livingston (Eckner et al. 1994 ). The plasmids for GAL4DBD fusion nuclear receptors and full-length human ER␣ are described in Kobayashi et al. (2000) . The plasmids for the FLAG-epitope-tagged AF1 or AF2 domain of ER␣ were constructed using a PCR-based standard protocol and confirmed by sequencing. Luciferase reporter plasmids pERE-tk-Luc (White et al. 1994 ) and p3XERE-E1bTATA-Luc (Kalkhoven et al. 1998) were gifts from M.G. Parker. A GAL4-dependent luciferase reporter plasmid pGLUC8 was constructed by inserting eight tandem repeats of GAL4-binding elements into a pGV-B2 luciferase reporter vector (Tokyo Ink) prior to the E1B TATA box. Bacterial expression plasmids for the glutathione S-transferase (GST) fusion ER␣ domains are described in Endoh et al. (1999) .
Antibodies, immunoprecipitation, Western blotting, and immunohistochemistry
Anti-CITED1 rabbit polyclonal antibody was described previously ). An anti-CITED1 mouse monoclonal antibody (clone 2H6) was generated against the full-length CITED1 protein and affinity-purified. Anti-CITED4 rabbit polyclonal antibody was generated against a synthetic peptide corresponding to the C-terminal end of mouse CITED4. Anti-HA monoclonal antibody (12CA5) was purchased from Roche Molecular Biochemicals; anti-FLAG monoclonal antibody (M2) was from Sigma; and anti-His (H-15), anti-ER␣ (sc-786), and anti-p300 (N-15) antibodies were from Santa Cruz Biotechnology. For transfection-based coimmunoprecipitation assays, cells (1 × 10 6 per 6-cm dish) were transfected with expression plasmids and cultured for 24 h in hormone-free medium, followed by stimulation with hormones. Cells were then lysed in IP buffer (50 mM Hepes/NaOH at pH 7.5, 120 mM NaCl, 2.5 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 0.5% NP-40) supplemented with phosphatase inhibitors (50 mM sodium fluoride, 25 mM sodium glycerophosphate, 1 mM orthovanadate) and proteinase inhibitors (10 µg/mL aprotinin, 10 µg/mL leupeptin).
Immunoprecipitation and Western blotting were performed as described (Yahata et al. 2000) . Preparation of histological slides and immunohistochemical staining were performed as described using anti-CITED1 polyclonal antibody and anti-ER␣ (sc-786) antibody.
In vitro protein binding assay
Polyhistidine epitope-tagged human CITED1 (His-CITED1) and its mutant were expressed in Sf9 insect cells using recombinant baculoviruses and purified to homogeneity using a metal chelating column (Yahata et al. 2000) . Glutathione S-transferase (GST) fusion proteins of the AF1 or LBD/AF2 domain of ER␣ (GST-AF1 and GST-AF2) were expressed in Escherichia coli and purified by glutathione-conjugated Sepharose beads (Amersham). For the GST pull-down assay, His-CITED1 or its mutant was incubated with GST, GST-AF1, or GST-AF2 immobilized on glutathione-conjugated Sepharose beads in binding buffer (20 mM Tris/HCl at pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1% NP-40) at 4°C for 2 h in the presence or absence of 100 nM 17␤-estradiol. Beads were then washed four times with the binding buffer and boiled in SDS-PAGE loading buffer for 5 min. His-CITED1 or its mutant that bound to the GST fusion proteins was detected by anti-His Western blotting.
RT-PCR and Northern blotting
Total RNA was isolated from MCF-7 cultures using the RNeasy kit (QIAGEN) following manufacturer's instructions. Equal amounts of total RNA (100 ng per reaction) were subjected to semiquantitative RT-PCR analysis in the presence of [␣-32 P]dCTP as described previously (Shioda et al. 1997b) . Primer sequences and detailed PCR conditions are available upon request. For Northern blot hybridization of the TGF-␣ mRNA transcript, 5 µg per lane of total RNA was separated by 1% formaldehyde agarose gel electrophoresis, transferred to nylon membrane, and hybridized with the radiolabeled RT-PCR product of human TGF-␣ as described previously (Shioda et al. 1994) . Amounts of the TGF-␣ mRNA transcript were quantified by densitometry of the radioactive bands on the X-ray films.
Chromatin immunoprecipitation (ChIP) assay
MCF-7 cells infected with vector-or CITED1-expressing retroviruses were cultured under hormone-free conditions for 3 d. Cells were then treated with or without 100 nM 17␤-estradiol for 45 min. Following treatment, cells were washed with PBS and cross-linked with 1% formaldehyde at 37°C for 10 min, then rinsed with ice-cold PBS and collected into PBS containing protease inhibitors. After centrifugation, cell pellets were resuspended in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl at pH 8.1, 1× protease inhibitor cocktail; Roche Molecular Biochemicals) and sonicated, followed by centrifugation to remove insoluble material. Supernatants were diluted in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM TrisHCl at pH 8.1, 1× protease inhibitor cocktail) and precleared at 4°C for 2 h with 2 µg of sheared salmon sperm DNA, 20 µL of normal mouse pr rabbit serum, and 45 µL of protein A-sepharose (50% slurry in 10 mM Tris-HCl at pH 8.1, 1 mM EDTA). To the precleared lysate, antibodies against ER␣, or CITED1 were added, and the reaction was incubated for 6 h to overnight, followed by an addition of 45 µL of protein A-sepharose and a further incubation for 1 h. Sepharose beads were then collected and washed sequentially for 10 min each in TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, 150 mM NaCl), TSE II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, 500 mM NaCl), and buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl at pH 8.1). Beads were then washed once with TE buffer and extracted with 100 µL of 1% SDS-0.1 M NaHCO 3 . Eluate was heated at 65°C overnight to reverse the formaldehyde cross-linking. DNA fragments were then purified from the eluate using a DNA purification kit (QIAquick spin, QIAGEN) and amplified by PCR using pairs of 20-mer primers: pS2 sense, GGCCATCTCTCACTATGAATCACTTCTGC; pS2 antisense, GGCAGGCTCTGTTTGCTTAAAGAGCG; TGF-␣ sense, GT CTGAAGTCAGGCGCTTCCTGCC; TGF-␣ antisense, GAAA AAGACGCAGACTAGGCAGGGC. The annealing positions of these primers are indicated in Figure 9 .
